Abstract. The purpose of this study is to quantitatively evaluate foot motions in the normal and hallux valgus(HV) patients using a proposed multi-segment foot model. Results showed that HV patients exhibited relatively smaller flexion/extension, especially in terminal stance. An early abduction at the ankle during terminal stance was also noted in HV patients, which resulted in an excessive abduction in subtalar joint. In HV patients, medial MP joints exhibited excessive amount of adduction during terminal stance. In HV patients, hallux MP joint and talocrural joint exhibited excessive external rotation over the whole period of gait cycle. Understanding the detailed foot motions by the present multi-segment foot model would be very useful to diagnose and to treat patients with various foot diseases.
Introduction
Hallux valgus (HV), one of the most popular foot diseases, is found in mid-aged women. The most common cause of HV is the wearing with pointed and small shoes for a long time. If HV is left untreated, the deformity in the other regions of the foot also follows [1] . Even though many radiological methods including CT have been used to diagnose various foot diseases, they do not provide quantitative information on detailed dynamic motion of the foot. On the other hand, pressure measurements are frequently used to obtain dynamic plantar pressure patterns during the gait cycle [2] . Many studies have been performed to determine biomechanics of the foot during locomotion. However, most previous studies focused on describing only major motions of the ankle joint, assuming that the foot is a single rigid body segment. But, many joints in the foot are not just simple hinged, they have complex characteristics due to the multi-plane contact [3] . Therefore, the model as a single rigid segment made analysis of various joints in the foot impossible. Recently, more detailed analysis of locomotion is available owing to the rapid development of motion analysis technology. Some multi-segment foot models have been proposed to determine detailed motions in the foot, compensating the weakness of a single-segment foot model. In 1999, Lerdini also proposed an anatomically based protocol to describe foot segment kinematics in gait [4] . Carson et al. [5] performed the kinematic analysis of a multi-segment foot model for clinical applications and reported its repeatability as well. Recently, Hamel et al. [6] investigated relative motions of the tibia, talus and calcaneus during stance phase. However, these studies were also limited with 4 or 5-segment foot model. Up to now, most multi-segment foot models were not applied to various foot diseases but to the normal foot. In this study, detailed joint motions in the foot for both normal people and HV patients were observed in detail using a multi-segment foot model.
Materials and methods
A. Multi-segment foot modeling. A 9-segment foot model was defined for motion analysis. It consists of tibia/fibula, talus, cuboid, calcaneus, medial forefoot, lateral forefoot, hallux, medial toe and lateral toe. Cuneiform and navicular were defined together with talus. Based on the model, eight major joints were defined; talocrural, calcaneocuboid, subtalar, medial TM(tarsometatarsal), lateral TM, hallux MP(metatarsophalangeal), medial MP and lateral MP joints.
As shown in Fig. 1 , nineteen reflective markers were attached at anatomical locations. Three mutually orthogonal markers were placed at the hallux using the triad. Other markers were attached at 3 rd (TOE3)and 5 Modeling was done using an user-defined motion analysis software, Bodybuilder(Vicon Motion Systems Ltd., England). Segmental coordinates and their corresponding Euler angles were defined. These Euler angles determine the angle of the distal segment rotating with respect to the proximal segment. The order of rotations was sagittal, coronal, and then transverse planes of motion. The segment was defined with an origin and an axis. Fig.2 describes origins and axes of the talus and calcaneus segments. Large circles represent real markers and small circles are virtual markers. The origin of calcaneus segment(CCAL) was defined as the mid-point of MCAL and LCAL. The center of subtalar joint(TCJC) was defined as the center of MCAL, LCAL and the mid-point(JMAL) of MMAL and LMAL. The origin of talus segment(CTAL) is the mid-point between JMAL and TCJC. The x axis of talus segment was defined as the vector from CTAL to MTB1. The y axis was defined as the result of cross product between the vector from CCAL to CTAL and x axis. Then z axis was defined as the result of cross product between x axis and y axis. The x axis of calcaneus segment was defined as the vector from TCAL to CCAL, the z axis as the result of cross product between the vector from MCAL to LCAL and x axis, and the z axis as the result of cross product between the z axis and the x axis. Further information on joint definitions can be referred in Hwang [7] . Fig. 2 Origins and axes of the talus and calcaneus segments.
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B. 3D motion analysis. Ten healthy adults who have no disorders in the lower extremity and twelve Grade 2 HV patients participated in the three-dimensional gait analysis. Assuming that both feet are functionally the same in normal walking, only the motion of the right foot was measured in normal subjects. Trajectories of reflective markers were obtained by six near-infrared cameras(VICON Motion Systems Ltd., England) to describe joint kinematics in the gait cycle. In addition, two force plates(AMTI, U.S.A.) were used to measure ground reaction forces during walking. For each subject, five complete trials were made, and then their averages were taken for the analysis. Table 1 Characteristics of the subjects: normal subjects and HV patients.
Results and Discussion
Flexion, eversion and external rotation are positively defined in joint angle graphs. Fig. 3 shows joint angles in the sagittal plane. There were little differences in joint motions in hindfoot and forefoot regions between normal subjects and HV patients. However, significant differences in joint motions were found at toes. In normal subjects, hallux MP joint was rapidly dorsiflexed in loading response and plantarflexed in terminal stance for push-off. However, in HV patients, the range of motion in hallux MP joint was relatively small, especially during terminal stance (HHM1 in Fig. 3 ), since HV patients have a tendency to avoid using hallux MP joint in walking. HV patients kept lateral MP joint significantly hyperflexed during swing phase as a substitute to use hallux MP joint (HLM1 in Fig. 3 ). Fig. 4 shows joint angles in the frontal plane. Talocrural joint in HV patients was in eversion (HT2 in Fig. 4 ) early during terminal stance. Normal subjects walked with rapid eversion in terminal stance. However, HV patients did with the lateral parts of the foot to avoid loading on the medial foot and thus showed eversion early in terminal stance. Therefore, in HV patients, subtalar joint excessively everted during early stance. Significant differences in hallux MP joint angles in coronal plane were also found in mid and terminal stance (HHM2-1 and HHM2-2 in Fig. 4) . In normal subjects, medial MP joint maintained at relatively neutral position, but HV patients were excessively inverted during terminal stance. No significant difference in joint motions in the transverse plane was observed, except hyper external rotation in talocrural joint and hallux MP joint for HV patients (HT3 and HHM3 in Fig. 5 ). 
Conclusions
In this study, detailed joint motions in the normal and the HV patients were measured by using a multi-segment foot model for the three-dimensional motion analysis. No significant differences in hindfoot motions were observed between normal subjects and HV patients. In HV patients, motions of hallux MP joint were relatively limited especially during terminal stance. Subtalar joint excessively everted during early stance period. HV patients showed excessive inversions in medial MP joint during terminal stance. Hyper-external rotations were found in talocrural joint and hallux MP joint for HV patients. Even though this study is limited due to the small number of the subjects, the present study proves that the proposed multi-segment foot model would be feasible to diagnose and treat patients with various foot diseases.
